The transcription factor NF-κB (nuclear factor κB) regulates critical cellular processes including the inflammatory response, apoptosis and the cell cycle. Over the past 20 years many of the components of the NF-κB signalling pathway have been elucidated along with their functions. Recent research in this field has focused on the dynamic regulation and network control of this system. With key roles in so many important cellular processes, it is critical that NF-κB signalling is tightly regulated. Recently, single-cell imaging and mathematical modelling have identified that the timing of cellular responses may play an important role in the regulation of this pathway. p65/RelA (RelA) has been shown to translocate between the nucleus and cytoplasm with varying oscillatory patterns in different cell lines leading to differences in transcriptional outputs from NF-κB-regulated genes. Variations in the timing or persistence of these movements may control the maintenance and differential expression of NF-κB-regulated genes.
Introduction to the NF-κB (nuclear factor κB) network
The NF-κB signalling pathway has been shown to be active in virtually all cell types and to regulate a number of essential cellular functions. These include inflammation, apoptosis and the cell cycle. NF-κB is critical in the initiation of inflammation [1] (e.g. by induction of pro-inflammatory cytokine transcription), the perpetuation of inflammation (through positive feedback loops) and termination of the inflammatory response (often by inducing apoptosis) [2] .
NF-κB proteins include RelA/p65, RelB, c-Rel (the product of the cellular homologue of the avian-reticuloendotheliosis-virus transforming gene), p100/p52 and p105/p50. The active transcription factor is a homodimer or heterodimer, although some complexes (e.g. p50-p50) have repressor functions. IκB (inhibitory κB) proteins hold NF-κB transcription factors in the cytoplasm by masking the nuclear localization sequence. Upon activation, the IκB proteins are phosphorylated, leading to their subsequent ubiquitination and degradation allowing NF-κB to translocate to the cell nucleus and activate gene transcription [3] . Different stimuli may activate either canonical (RelA) or non-canonical (RelB) pathways, which differ by way of alternative dimeric combinations of the family members ( Figure 1 ).
Dynamic intracellular localization of NF-κB
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NF-κB-dependent transcription. The transcription factor was thought to be regulated solely by way of its localization, but it has become clear that the mechanism is considerably more complex. Bulk EMSA (electrophoretic mobility-shift assay) analysis in IκBβ-and IκB -knockout MEFs (mouse embryonic fibroblasts) [4] and single-cell imaging of fluorescent fusion proteins [5] showed that the IκBα delayed negative-feedback loop could lead to multiple oscillations in NF-κB nuclear translocation. In human neuroblastoma SK-N-AS cells, RelA fluorescent fusion proteins undergo repeated translocations into and out of the nucleus for at least 24 h following TNFα (tumour necrosis factor α) stimulation [5] . These N/C oscillations (nuclear/cytoplasmic oscillations) occurred with a period of approx. 100 min and their amplitude steadily decreased over time. In contrast, RelA N/C oscillations in HeLa cells were highly damped, but displayed the same period.
These data suggested that the major driver of NF-κB oscillations is the IκBα-delayed negative-feedback loop. Recently, Kearns et al. [6] suggested that IκB could act as a damper as it is transcribed after IκBα following TNFα stimulation and is required in conjunction with IκBα to terminate the NF-κB response [6] .
These oscillatory processes were predicted, and have been simulated with mathematical models that match the measured oscillation period [4, 5] (irrespective of exogenous RelA fusion protein expression [7] ). Model analysis can also be used to identify parameters that regulate oscillatory phenotype [5, 8] .
What are the functions of oscillatory behaviour?
Maintenance of RelA N/C oscillations can lead to persistent NF-κB-dependent gene expression. Using HeLa and SK-N-AS cell lines transfected with an NF-κB promoter (five NF-κB consensus sequences)-driven luciferase reporter, we investigated the dynamics of transcription following TNFα stimulation. SK-N-AS cells (persistent oscillations) exhibited stable NF-κB-dependent luciferase expression for more than 24 h, whereas HeLa cells (damped oscillations) showed transient NF-κB-dependent luciferase activity after stimulation, which became insignificant by 20 h [5] . These data suggested that the cycles of translocation between the cytoplasm and nucleus maintain active NF-κB-dependent transcription.
One process by which RelA oscillations can maintain NF-κB-dependent activity is through post-translational activation of NF-κB in the cytoplasm. When RelA is trapped in the nucleus using leptomycin-B, NF-κB-dependent transcriptional activity is lost and there is a loss of RelA phosphorylation at Ser 536 . This suggests that RelA Ser 536 phosphorylation occurs in the cytoplasm and dephosphorylation occurs in the nucleus. Thus repeated oscillations may sense the cytoplasmic signalling status and only activated nuclear RelA may initiate transcription. Clearly RelA post-translational modifications are important determinants of transcriptional functionality.
Post-translational regulatory mechanisms in the NF-κB pathway
There are many ways in which timing (i.e. oscillations) of RelA translocation could be regulated. One regulatory mechanism is post-translational modification of RelA. Another is phosphorylation of IκBα at Ser 32 /Ser 36 which has been known for many years to control the degradation of IκBα.
The role of post-translational modifications (e.g. phosphorylation and acetylation) in the regulation of RelA function is very unclear. RelA has been shown to be phosphorylated on multiple sites [9] , but the functional roles are uncertain. Phosphorylation at Ser 276 and Ser 536 have been most studied and evidence for the importance of phosphorylation at Ser 276 for transcription of certain genes has been obtained [10, 11] . The observation that phosphorylation at Ser 536 and perhaps other residues may oscillate as RelA moves from the cytoplasm to the nucleus [5] raises the interesting possibility that this may control the dynamic formation and removal of active forms of NF-κB.
Role of different signals and the timing of stimulation
The response to a particular ligand and the subsequent dynamics of RelA and transcription may be strongly influenced by the timing and manner in which a cell receives the signal. We showed that 5 min pulses of TNFα give a different transcription profile (from a consensus NF-κB promoter-driven firefly luciferase reporter construct in SK-N-AS and HeLa cells) when compared with data using continuous TNFα stimulation [5] .
Recently, two studies have investigated the role of LPS (lipopolysaccharide) stimulation of NF-κB [12, 13] . They suggest that LPS directs stable activation of NF-κB that involves downstream TNFα induction. These studies suggest that differential timing of IKK (IκB kinase) activity by alternative signals (or alternative signal dynamics) may give rise to different downstream responses.
One issue with these and other studies is the relationship between average and single-cell responses in the cell population. Single-cell stochastic responses are likely to be very important in a physiological immune response. Recently, NF-κB activity has also been measured (by bulk EMSA) in fibroblasts stimulated with continual TNFα at a range of doses [14] . There appeared to be no variation in the initial timing of the response, but a variation in the amplitude [14] . However, these results give no indication of the single-cell behaviour; for example, the observed grading in amplitude may in fact represent a population average of single cells within which fewer are actually responding. result in the masking of true system dynamics, requiring the ability to manipulate and quantify single-cell processes. Comparison of data from bulk-cell analysis techniques, such as EMSA and Western blotting, with single-cell data show how averaging over a cell population can mask the true dynamic nature of a response. Western blotting and EMSA usually analyse the cell responses from an average of ∼10 6 cells, while time-course averaging can be observed for NF-κB oscillations from a population of only 24 cells (Figure 2) . The development of tools to observe the endogenous system at the single-cell level has required transient expression of fluorescent fusion proteins. Different experimental techniques can provide quite different views of NF-κB signalling behaviour, i.e. DNA-binding activity in populations versus localization in single cells.
Single-cell signalling dynamics versus average of a cell population
Single-cell observations highlight the stochastic nature of NF-κB signalling dynamics. Cell-to-cell variation observed or inferred (population studies) for NF-κB dynamic behaviour is not restricted to a single cell type [4, 5] . The population level and single-cell responses for SK-N-AS cells with constant TNFα stimulation are both consistent with asynchronous oscillations [5] . Variation between individual cell responses may be a desirable feature, since the population level response is less likely to be affected by the incorrect functioning of an individual cell. Observations in genetically modified fibroblasts have shown synchronous populationlevel oscillations in NF-κB activity, whereas the wild-type cells imply asynchronous behaviour. This in turn suggests that synchronous population level behaviour may be due to abnormal regulation of the system [4] . Since oscillation asynchrony appears to be an inherent feature of NF-κB signalling, it may be critically important to consider its role in the physiological inflammatory response at the population level.
Analysing the common features (e.g. peak amplitude and time) of asynchronous cell responses within a cell population is important, since these common attributes are likely to be informative of overall function. In addition, it is important to understand potential sources of noise that control population level heterogeneity. Noise sources may include: differing cell cycle stage, basal levels of protein expression, and intrinsic noise through molecular interactions. Improved stochastic and deterministic computational models will provide useful tools to aid comparison between single cell and population level responses.
Termination of NF-κB responses
Termination of the NF-κB inflammatory response involves several steps apart from de novo IκBα synthesis. The delayed induction of IκB may further regulate the maintenance of protein movement and the dynamics of NF-κB-dependent transcription [6] . The presence of multiple alternative feedback loops that induce other NF-κB proteins (including p100, p105, RelB, Bcl-3 and A20) suggests other mechanisms for maintenance and termination of the NF-κB response (Figure 1 ). Mathematical models incorporating A20 [15, 16] predict that this protein, which has been reported to downregulate IKK activity, may be important in terminating NF-κB activity. Notably in A20-knockout mice there is a failure in the termination of NF-κB responses to TNFα, leading to extensive inflammation [17] .
Another important aspect of NF-κB regulation is the role of post-translational modifications of NF-κB proteins as discussed above. An understanding of the interplay between different NF-κB post-translational modifications, the role at specific promoters and the nature of the phosphatases involved awaits a fuller set of tools for measuring these processes in single cells and cell populations.
In addition to regulation of activity by post-translational modification, a number of studies have described degradation of RelA under certain circumstances. This has been proposed to be via SOCS-1 (suppressor of cytokine signalling-1)-dependent ubiquitination [18] , opposed by binding of Pin-1 to a phosphorylated Thr 254 -Pro motif. Therefore the degradation of RelA (and other subunits) may be one of several mechanisms that terminate the inflammatory NF-κB response.
